Abstract A promising strategy to reduce nosocomial infections related to prosthetic meshes is the prevention of microbial colonization. To this aim, prosthetic meshes coated with antimicrobial thin films are proposed. Commercial polypropylene meshes were coated with metalcontaining diamond-like carbon (Me-DLC) thin films by the magnetron sputtering technique. Several dissimilar metals (silver, cobalt, indium, tungsten, tin, aluminum, chromium, zinc, manganese, tantalum, and titanium) were tested and compositional analyses of each Me-DLC were performed by Rutherford backscattering spectrometry. Antimicrobial activities of the films against five microbial species (Candida albicans, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Enterococcus faecalis) were also investigated by a modified Kirby-Bauer test. Results showed that films containing silver and cobalt have inhibited the growth of all microbial species. Tungsten-DLC, tin-DLC, aluminum-DLC, zinc-DLC, manganese-DLC, and tantalum-DLC inhibited the growth of some strains, while chromium-and titanium-DLC weakly inhibited the growth of only one tested strain. In-DLC film showed no antimicrobial activity. The effects of tungsten-DLC and cobalt-DLC on Pseudomonas aeruginosa biofilm formation were also assessed. Tungsten-DLC was able to significantly reduce biofilm formation. Overall, the experimental results in the present study have shown new approaches to coating polymeric biomaterials aiming antimicrobial effect.
Introduction
Increase in life expectancy of the world's population has led to a growing tendency to incorporate artificial devices in human body, and to search for high performance biomaterials. Recent studies have focused not only on designing and fabrication, but also on surface modifications of these devices, aiming to improve their performance [1] .
Cold plasma deposition is cost-effective and modifies the surface features by coating with a thin film. The process tinuous dissemination of application, medical polypropylene is far from ideal. According to the literature, prosthetic meshes for hernia repair may cause infections in about 8% of the cases, with physical and psychological consequences to the patients [10] . Notwithstanding, prosthetic meshes have been widely used as urinary incontinence slings [11] , pelvic organ prolapse suspender [12] , and skin tissue carrier [13] . For these reasons, permanent investigation and development of safer bioengineered synthetic meshes are absolutely necessary.
Besides of antimicrobial activity, the anti-biofilm property has been considered highly desirable for biomaterials. In fact, bacterial biofilms are more resistant to antibiotics at concentrations thousand-fold greater when compared to free cells in suspension [14] . For this reason, recent studies focused efforts on prevention of biofilm formation [15] [16] [17] . Bacterial biofilms are commonly found in nature, being formed by colonies adhered to biotic or abiotic surfaces representing a reservoir of bacteria that can be shed to the body, leading to chronic infections [18] . Infections caused by microbial biofilms are a significant socio-economic burden that implicates hospitalization, patient suffering and reduced life quality [19] .
The aim of this study was to investigate the antimicrobial and anti-biofilm potentials of commercial polypropylene meshes coated with several dissimilar metal-containing DLC (Me-DLC) thin films by the magnetron sputtering technique.
Materials and methods

Materials
Standard commercial prosthetic meshes (Intracorp®) for hernia repair, polypropylene disks and silicon wafers were used as substrates. Carbon and high purity metals from Kurt J. Lesker Company listed in Table 1 were used in the metalcontaining DLC (Me-DLC) thin film deposition.
Deposition and characterization of Me-DLC thin films
A dual magnetron sputtering plasma system was used for deposition of the thin films, whereby two solid 4" diskstargets, one of carbon and other of a metal are bombarded by plasma ions. The ejected sputtering material of each target hits the substrate, forming a thin film coating. Parameters of the plasma process were gathered in Table 2 . Care was taken to keep these parameters strictly constant to each deposition, so as the process is highly reproducible and accurately controlled. Obviously, the percentage of metal inserted in each film will vary according to the target sputter yield [20] . The distinct metallic disk-targets are bombarded by plasma ions with the same energy, as the power applied on metals targets were fixed at 5 W, consequently, the number of ejected atoms will be proportionally different, according to their binding energies. The depositions were performed on three substrates: prosthetic polypropylene meshes and polypropylene disks, for microbiological analyses; and silicon wafers, for chemical characterizations. Fig 1 shows the schematic for the coating of substrates by dual magnetron sputtering plasma system. Surface microstructures of coated and uncoated prosthetic meshes were evaluated by scanning electron microscopy-SEM (Vega3 XMU, TESCAN ORSAY HOLDING, a.s.), and the compositional contents of Me-DLC thin films on silicon wafers were evaluated by Rutherford backscattering spectrometry-RBS, in a multianalyses chamber with a tandem Pelletron electrostatic accelerator (5SDH, NEC Corporation) in association with SIMNRA, a shareware program developed by Matej Mayer, at the Max-Planck-Institut für Plasmaphysik (Garching, Germany) for spectra simulation.
Antimicrobial activity of Me-DLC coated polypropylene meshes
Reference strains Candida albicans ATCC 18804, Escherichia coli ATCC 23922, Pseudomonas aeruginosa ATCC 15442, Staphylococcus aureus ATCC 6539 and Enterococcus faecalis ATCC 29212 were used for testing the antimicrobial activity of the materials. The strains were kept in glycerol-BHI (brain and heart infusion) broth at −80°C, and prior the experiments they were plated on BHI agar slants. The plates were then kept at 37°C for 24 h. Tests were performed in triplicate.
Standardized microbial suspensions at 0.5 McFarland scale were prepared in sterile saline solution (0.9% NaCl) for each strain. A modified Kirby-Bauer test was performed using 6 mm diameter of Me-DLC coated polypropylene meshes [21] . After 48 h of incubation, the presence of an inhibition halo was observed and measured, as indicative of the antimicrobial activity of the Me-DLC coating. The specimens were sterilized by 20 kGy gamma radiation, and specimens without coating were included as negative control.
Effect of Me-DLC coating on P. aeruginosa biofilm formation
The antimicrobial activity of silver is already widely known. For this reason, the two coatings with higher antimicrobial effect (excluding silver) were selected for the evaluation of anti-biofilm activity. Thus, the experiment was carried out with biofilms in samples of thin films synthesized with tungsten (W-DLC) and cobalt (Co-DLC). Pseudomonas aeruginosa showed the lowest susceptibility to Me-DLC films and, for this reason, it was chosen for these tests. P. aeruginosa ATCC 15442 was cultured in brain hear infusion agar (BHI) for 24 h at 37°C. After, a standardized suspension containing 10 7 cells/ml was obtained in phosphate buffered saline (PBS, pH 6.5) with the aid of a spectrophotometer. This suspension was further diluted 1:10 in BHI broth for preparing the final inoculum.
An aliquot of 3 ml was transferred into a 24 well plate containing sterile polypropylene disks specimens and 3 ml of BHI broth. The specimens were sterilized by 20 kGy gamma radiation.
The plate was incubated at 37°C for 90 min for preadhesion of the microbial cells. After, they were washed with 1 ml of PBS and transferred to new wells with 3 ml of BHI broth and incubated for 24 h at 37°C. After 24 h, the specimens were washed once more and the culture medium was refreshed. After incubation for 24 h at 37°C, 48 h biofilm was obtained. Then, the biofilm formed on the specimens were gently washed with PBS and sonicated on ice for 30 s in PBS. Initial suspensions were diluted in PBS and plated on BHI agar to obtain the number of colony forming units per specimen (CFU/specimen). Uncoated polypropylene samples were used as negative control.
Analyses of results
The results obtained for the effects of coatings on P. aeruginosa biofilm formation were statistically compared. Values of colony forming units per specimen (CFU/specimen) in the groups tungsten (W-DLC), cobalt (Co-DLC) and control (uncoated) were compared by ANOVA and Dunnett's post hoc test. The level of significance was set as 5%.
Results
Material characterization
SEM was performed on coated and uncoated prosthetic meshes, and their scanning electron micrographs are shown in Fig 2. The uncoated mesh fibers presented homogeneous surface with typical manufacturing grooves (Fig. 2a) . It also can be clearly seen that in all coated meshes (Figs. 2b-l), the deposited thin film did not cover the fiber manufacturing grooves. However, some contrasting microstructures were observed. In Figs. 2e (W-DLC), 2f (Cr-DLC), 2i (Sn-DLC) and 2l (In-DLC), vermicular or worm-shaped microstructures were formed on the surface. On the other hand, in Ti-DLC (Fig. 2b ), Mn-DLC (Fig. 2d ), Al-DLC (Fig. 2g ), Co-DLC (Fig. 2h ), Ag-DLC (Fig. 2j) , and Zn-DLC ( Fig. 2k ) coated fiber surfaces, only nanometer-sized grains, probably clusters are viewed. The exception was the Ta-DLC coated fiber (Fig. 2c) , which exhibited both: grains and vermicular microstructures.
Me-DLC compositional contents by RBS
Obtained elemental contents of Me-DLC coatings are presented in Table 3 . Expected variations in metal percentages were observed, as differences in binding energies lead to distinct sputter yields.
Me-DLC coated polypropylene meshes antimicrobial activity
The antimicrobial effect of each metal-doped coating against the microbial species is summarized in Table 4 . These effects were estimated by the values of diffusion halos around the specimens and the microbial growth over the fibers of meshes. It is important to observe that in conventional Kirby-Bauer protocol, the paper disk is impregnated with a liquid antibiotic. This disk is placed on the agar plate and the antibiotic begins to diffuse into the surrounding agar. That is why this method is also called Kirby-Bauer diffusion test. In our modified Kirby-Bauer test, Me-DLC coated polypropylene mesh disks were used. The Me-DLC thin film is solid and firmely fixed on the mesh surface; hence the thin film cannot diffuse into the agar. In our analyses, we set the Ag-DLC halo of 8.0 mm as the inhibition bias (H). Halos lower than 8.0 mm mean intermediate inhibition (I). (F) means no inhibition halo with no microbial growth on mesh fibers surface, and (N) refers to no inhibition halo and microbial growing over the mesh. Our results cannot be compared with conventional Kirby-Bauer protocol results by any means. Ag-DLC showed inhibition with halos ≥ 8.0 mm for all the tested microbial species. Co-DLC also had inhibitory effects on all the species. Tungsten-DLC, tin-DLC, aluminum-DLC, zinc-DLC, manganese-DLC, tantalum-DLC inhibited the growth of some strains, while chromium-DLC and titanium-DLC did not show inhibition halos against any strain. In-DLC film showed no inhibition activity. Data analyses showed that W-DLC film was able to significantly reduce the biofilm formation in relation to control (p < 0.05). Conversely, biofilm formation in the surface of Co-DLC was similar in relation to control (p = 0.964).
Effect of
Discussion
The importance of this work relies on the innovative proposal of metal-containing thin film deposition over meshes (bundle of soft polypropylene fibers) aiming to contribute to reduction in postoperative microbial infections.
In addition to deposition parameters, the metal content is a relevant issue in Me-DLC thin films, because metallic components are usually grouped in small metallic or metalcarbide clusters (nanometer-sized grains). According to several authors [22] [23] [24] [25] [26] , dimensions and distances between grains are also dependent on metal concentration, and dispersed metal-carbide particles in the DLC matrix usually come from low metal contents. Actually, this rule was seen in our SEM micrographs, except for the Mn-DLC thin film (Fig. 2d ). Even at concentrations as low as 1.6%, the fiber surface presented great amount of non-dispersed nanograins.
Transition metals of group IV to VI generally form metal-carbide phases in the DLC matrix [27] , and carbidebonding is also concentration dependent. Tungstencarbide phase is not formed at concentrations lower than 2.8 at%, but amorphous and crystalline tungsten-carbide are formed at concentrations higher than 2.8 at% and 3.6 at%, respectively [24] . Furthermore, still according to Bewilogua et al. [27] , metal-carbide particles may not be so strongly cross-linked with the surrounding amorphous carbon network, and can react more readily with the oxygen. On the other hand, while aluminum carbide is commercially supplied by the market, according to Dai and Wang [23] , aluminum does not form carbide when incorporated into DLC films.
From the SEM micrographs and Table 3 , it can be inferred that, on the one hand, in titanium-DLC, aluminum-DLC, cobalt-DLC, silver-DLC, and zinc-containing DLC films, carbides were not formed and larger metallic clusters were sparse and homogeneously dispersed at the surface, and most probably, in the DLC matrix. On the other, in tungsten-and chromium-containing DLC films, metallic and metal-carbide nanograins were possibly embedded into the DLC matrix bulk.
As well pointed by Dai and Wang [23] , the comprehensive understanding of metal-containing DLC coatings was still not fully established owing not only to the complexity of carbon hybridized bonds, particularly at low metal contents, but to the diversity of metal nature, and to the variety of deposition techniques as well.
The antimicrobial response of Me-DLC coated polypropylene meshes, the inhibition halo, if any, was observed only very close to the mesh disk area, suggesting a local passive mechanism of action, and no diffusion of metals. The Me-DLC thin film is solid and strongly fastened on the mesh surface; hence the thin film could not diffuse into the agar. This is an interesting finding, considering that the spread of metals to the environment would be negative for biomedical applications. Future studies on the cyto and genotoxicity of these materials to human cells are still needed.
Predictably, the Ag-DLC coated polypropylene mesh has exhibited the highest antimicrobial activity against all tested microorganisms, with inhibiting halo around 8.0 mm diameter. Silver has been used since ancient times [28] and is currently the most used antimicrobial metal [29] . Its toxic effect is well-known [30] [31] [32] , and Das et al. [30] reported that carboxymethylcellulose gel containing silver nanoparticles had been effective against the growth of methicillin-resistant S. aureus (ATCC 6538), E. coli (ATCC 8739) and P. aeruginosa (ATCC 9027), even at concentrations as low as 50 ppm. In Ag-DLC coatings, silver is grouped in nanometer-sized clusters, which are dispersed in the Ag-DLC matrix [22] , and in the fiber surface, as well (Fig. 2j) . Hence, we believe that the antimicrobial effect of the Ag-DLC coated mesh should probably be due to these nanograins on the thin film surface.
On the contrary, indium-containing DLC coated mesh did not have any observable antimicrobial action, even at appreciable contents as 22%. However, some bacteriostatic activity of In 3+ ion had been observed when chelated (attached to an anion group with two or more coordination sites) to a siderophore (iron-binding protein) [28] . According to the literature, this heavy metal ion mimics the Fe 3+ in the protein, but does not replace its function in the cell metabolism, acting as a toxic substance. In our In-DLC coated mesh, vermicular formation tendency was noted in Fig. 2l , suggesting that metallic-indium clusters should be embedded into the DLC matrix bulk, as observed with other high content Me-DLC films [33] . Indium-carbide cannot be found in In-DLC film, as it is gaseous at ambient temperature [34] . Hence, the tested microorganisms could not uptake In 3+ ions from the DLC matrix to their metabolism, and probably, metallic-indium clusters were so embedded into the DLC matrix that microbial cells have grown over the In-DLC coated mesh fibers. Despite the low cobalt content in the thin film, and the sparse nanosized-grains distributed on the mesh fiber surface (Fig. 2h) , the Co-DLC coated polypropylene mesh showed the second most intense antimicrobial activity. Actually, some authors had also observed cobalt antimicrobial activity, as cobalt complexes [35] [36] [37] [38] . Although the antimicrobial mechanism of cobalt is still not fully elucidated, care should be taken as metal complexes effects on microorganisms are far different, compared with both the pure metal and the metal in the DLC coatings.
On the other hand, Icgen and Yilmaz [39] published an interesting work on the resistance of isolates from a Turkish river to heavy metals and antibiotic drugs. Due to effluents contaminated with antibiotics and heavy metals, microorganisms from this river are becoming drug-resistant and with enhanced heavy metal resistance as well. Notwithstanding, isolates exhibited the least resistance against cobalt: only 4%, corroborating our results. Tungsten-containing DLC coating showed activity against C. albicans, E. coli, E. faecalis and P. aeruginosa strains, but not against S. aureus. Considering the very low tungsten content in our W-DLC coating, probably tungstencarbide clusters should have not been formed, and even metallic nanoparticles in the coating surface were not observed in our SEM micrographs (Fig. 2e) . Lemire et al. [28] stated that metals, including tungsten, are either coordinated by organic compounds or present as water-soluble oxyanion species in the environment. On the other hand, some authors had also related poor or no antimicrobial activity of WO 3 nanoparticles against peri-implantitis bacteria [40] , and even tungsten oxyanion (WO 4 2− ) had presented no significant toxicity against E. coli (JM 109), S. aureus (ATCC 29213), and P. aeruginosa (ATCC 27853) [7] , emphasizing the low antimicrobial effectiveness of tungsten. Interestingly, tungsten containing DLC coating has shown promising anti-biofilm formation effect. This effect was not reported before and deeper investigation of the mechanism of action is needed. Besides, recent evidences of tungsten toxicity for human cells have been reported [41] . For this reason, the minimal effective concentration necessary for microbial biofilm inhibition and the potential liberation of tungsten for human tissues have still to be determined before suggesting an application of our findings. Notwithstanding, the promising effect of W-DLC coatings can be useful for the development of several materials with antifouling properties.
Both tin-(Sn) and aluminum-(Al) containing DLC coatings had antimicrobial action against some of the microorganisms studied, the first one against C. albicans, and E. faecalis, and the second, against S. aureus, P. aeruginosa and E. Coli. Icgen and Yilmaz have showed that 67% of isolates were resistant to tin, and 79% to aluminum [39] . In other recent publication, SnO 2 /SnS 2 nanocomposites have shown more effectiveness against E. coli (ATCC 25922) and S. aureus (ATCC 6538) than SnO 2 and SnS 2 nanoparticles. Nanocrystalline SnO 2 thin films deposited by sol-gel exhibited antibacterial activity against E. coli and Bacillus spp. [42] as well. Fakhri et al. [43] also had reported antifungal activity of SnO 2 and SnS 2 nanoparticles, and SnO 2 /SnS 2 nanocomposites against C. albicans. In contrast, in our SEM micrographs (Fig. 2i) , nanoparticles were not present in the fiber surface. Concerning aluminum, fresh report [44] demonstrated that aluminum oxide (AlO 3 ) nanoparticles had showed concentration dependent inhibition of E. coli growing, probably by generating reactive oxygen species, in Fig. 2g sparse nanosized-grains can be viewed. Care should be taken, as DLC films containing incorporated metals are far different from pure metals, metal-oxides (SnO 2 , AlO 3 ) and metal-compounds (SnS 2 ).
Chromium-containing DLC and zinc-containing DLC coatings have both revealed antifungal potential against C. albicans. According to Páez et al. [45] , some chromium complexes can produce DNA damage and may show antibacterial and antifungal activity. However, metal complexes toxicity depends on the coordinated ligand. Han et al. [46] demonstrated that chromium-carbide is formed at the filmsubstrate interface when the Cr + ion is implanted on DLC films deposited by magnetron sputtering over silicon substrate. This might have happened with our Cr-DLC coating as well (Fig. 2f) . On the other hand, Jenilek et al. [47] also tested antimicrobial activities of Cr-DLC for implants, prepared by laser-magnetron deposition. These authors have coated silicon, Ti 6 Al 4 V and CoCrMo substrates with DLC and Cr-DLC layers. Despite differences in the deposition technique and in the film characteristics compared with ours, they did not observe antibacterial effects against S. aureus and P. aeruginosa. Concerning zinc, Pop et al. [44] reported that zinc ions exhibit bacteriostatic effect, by inhibiting different physiological pathways, while ZnO has antimicrobial effect by oxidative stress. And Singh et al. [48] reported that zinc-complexes had exhibited the highest antimicrobial activity against Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli, and Staphylococcus aureus, and the highest antifungal properties against Aspergillus niger, and Aspergillus flavus.
Manganese-containing DLC film exhibited moderated antimicrobial activity against E. coli and E. faecalis. Some authors have reported antibacterial and antifungal activities of Mn(II)-complexes [14, 49] and Mn(III)-complex [50] . However, to the best of our knowledge, characterizations and antimicrobial activities of Mn-DLC were not found in the literature.
Tantalum and titanium are both well-known highly biocompatible and corrosion resistant metals [51] . To the best of our knowledge, no antimicrobial effect has been attributed to pure Ta and Ti metals. Tsai et al. [52] have reported that in the DLC matrix, crystalline β-Ta and a small fraction of tantalum-carbide is formed, resulting in high biocompatibility with WS1 human fetal skin fibroblast cells. In our antimicrobial test, the Ta-DLC coated mesh revealed some antifungal activity against C. albicans. This is a promising outcome, as C. albicans is one of the most common causes of nosocomial infections, and the Ta-DLC coated mesh should associate high biocompatibility with antifungal effect. Evidently, more studies should be conducted to attest this finding.
Ti-DLC coated meshes have prevented growth of E. coli on material surface. Antimicrobial properties of titanium dioxide had been observed when irradiated by ultraviolet light at appropriate wavelengths [44] , or when TiO 2 nanoparticles at specific dimensions, concentration, and zeta potentials are used. But, according to the literature [53] , at low concentrations (less than 7-13%), Ti atoms are dispersed in the DLC matrix, and at higher concentrations, Ti-C nanoparticles are formed, but no TiO 2 was observed at all. In our Ti-DLC thin film, the low titanium concentration (1%) and the rare grains in the fiber surface (Fig. 2b) could not explain the antimicrobial effect.
In conclusion, this screening was able to detect promising Me-DLC coatings for both medical and non-medical applications. The clinical use of the materials still depends on additional studies, in particular related to biocompatibility.
Conclusion
This study showed that silver and cobalt in Me-DLC coated meshes have exhibited inhibition of growth of all tested strains. In opposition, In-DLC thin film was not effective against any strain. Tungsten-, tin-and aluminum-, zinc-, manganese-, tantalum-containing DLC coated meshes inhibited the growth of some strains, while chromium and titanium DLC film weakly inhibited the growth of only one of the tested strains.
From the compositional analyses, it was concluded that at higher metal concentrations (>5%), no metal-carbides were formed and larger metallic clusters were sparse and homogeneously dispersed in the DLC matrix. At low concentrations, metallic and metal-carbide nanograins were homogeneously distributed in the DLC matrix. Inhibition halos were observed only very close to the mesh disk area, suggesting that there was not material diffusion at all. Tungsten-containing DLC was able to inhibit P. aeruginosa biofilm.
We concluded that metal-containing DLC coatings did not deliver any antibacterial or antifungal agents, opening up approach possibilities, with combination of two or more distinct metals inserted in the DLC matrix, in order to affect higher number of microbial species.
